Macrolide antibiotics have been shown to act as immunomodulatory molecules in various immune cells. However, their effect on neutrophils has not been extensively investigated. In this study, we investigated the role of macrolide antibiotics in the gener-ation of neutrophil extracellular traps (NETs). By assessing ex vivo and in vivo NET formation, we demonstrated that clarithro-mycin is able to induce NET generation both in vitro and in vivo. Clarithromycin utilizes autophagy in order to form NETs, and these NETs are decorated with antimicrobial peptide LL-37. Clarithromycin-induced NETs are able to inhibit Acinetobacter bau-mannii growth and biofilm formation in an LL-37-dependent manner. Additionally, LL-37 antimicrobial function depends on NET scaffold integrity. Collectively, these data expand the knowledge on the immunomodulatory role of macrolide antibiotics via the generation of LL-37-bearing NETs, which demonstrate LL-37-dependent antimicrobial activity and biofilm inhibition against A. baumannii.
I
n the last 2 decades, macrolides have been demonstrated as potential immunomodulatory agents, due to their ability to induce the activity of various immune cells and their regulatory role in chemokine and cytokine production (1, 2) . The addition of macrolide antibiotics (azithromycin, clarithromycin, and erythromycin) to the standard treatment of severe community-acquired pneumonia (CAP) due to macrolide-resistant microorganisms led to decreased mortality of patients, providing evidence for their effect on immunomodulation (3) . Moreover, in ventilator-associated pneumonia (VAP) patients with clarithromycin-resistant bacterial infections, combined treatment with clarithromycin was positively correlated with the time of resolution of the infection (4) . Although it was proposed that some macrolides could induce degranulation and bacterial killing in polymorphonuclear neutrophils (PMNs), knowledge regarding their role in these cells has been very limited (5, 6) .
Neutrophils are the most abundant circulating inflammatory cells and the first line of defense against pathogens. They employ three major strategies to fight against microbes: phagocytosis, degranulation, and the release of neutrophil extracellular traps (NETs) (7, 8) . The discovery of the mechanism of NETs has redefined our perception of the role and functions of neutrophils. NETs are composed of chromatin which is decorated with neutrophilic proteins (cytoplasmic, granular, and nuclear). NETs not only elicit their antimicrobial effect through pathogen immobilization via entrapment (7) but also have a direct microbicidal effect that depends on antimicrobial peptides (7, 8) , histones (7, 9) , or DNA (10) . On the other hand, it has been also reported that some microorganisms, such as Acinetobacter baumannii, escape NETs (11) or possess inhibitory strategies against this mechanism (12, 13) .
One of the strategies that some microbes utilize to protect their colonies is the formation of biofilms. Biofilms are constituted by an exopolymeric extracellular matrix comprised of lipids, proteins that frequently exhibit amyloid-like properties, exo DNA, and ex-opolysaccharides (14, 15) . Biofilms facilitate microbial attach-ment to and growth on abiotic surfaces and also render bacterial cultures less susceptible to antibiotics (16) . Recently, this mecha-nism was also found in a multidrugresistant nosocomial Gram-negative bacterium, A. baumannii, and the formation of biofilm contributed to the resistance of this microorganism to multiple antibiotics (17) .
Considering the above, we investigated the role of macrolide antibiotics in the generation of NETs, how these NETs could affect pathogens that naturally are not able to trigger the mechanism of NETosis, and their effect on bacterial defense mechanisms, such as the formation of biofilm.
MATERIALS AND METHODS
Patients and sample collection. To examine the in vivo NET generation potential of clarithromycin, 10 patients suffering from Helicobacter pylori-positive gastritis were recruited, since these patients are administered clarithromycin as a standard treatment. Five patients with H. pylori-negative gastritis (omeprazole monotherapy) and 10 age-and sex-matched control individuals were also recruited (details in Table 1 ). Additionally, to investigate the ability of A. baumannii to induce in vivo NET generation, 4 septic patients with A. baumannii bacteremia were enrolled in this study.
PMNs and sera were obtained from patients with H. pylori-positive gastritis 12 to 24 h before treatment (n ϭ 10) and during the 5th day of the standard eradication regimen. Moreover, PMNs and sera were obtained from the patients with H. pylori-negative gastritis before and during the 5th day of omeprazole treatment, as well as from the patients with A. baumannii bacteremia at various time points during the disease course.
The study protocol was in accordance with the Declaration of Helsinki and was approved by the ethics review board of the University Hospital of Alexandroupolis. Written informed consent was obtained from each individual.
Reagents. Daptomycin (Novartis) was dissolved at a concentration of 50 mg/ml per stock, ciprofloxacin (Vianex AE) stock was used at 200 mg/100 ml or 2 mg/ml, amoxicillin (Cooper pharmaceuticals) was dissolved at a concentration of 1 g/vial per stock, azithromycin (Anfarm Hellas) was dissolved at a concentration of 100 mg/ml per stock, and clarithromycin (Anfarm Hellas) was dissolved at a concentration of 50 mg/ml per stock.
Antibodies. As primary antibodies, a mouse anti-myeloperoxidase (anti-MPO) monoclonal antibody (MAb), rabbit anti-neutrophil elastase (anti-NE) MAb (Santa Cruz Biotechnology Inc.), mouse anti-cathelicidin antimicrobial peptide LL-37 MAb (Santa Cruz Biotechnology), antiLC3b Ab, and anti-p62 Ab were used. 4=,6-Diamidino-2-phenylindole (DAPI; Sigma-Aldrich) was used for DNA staining. Polyclonal rabbit anti-mouse Alexa Fluor 488 antibody and polyclonal goat anti-rabbit Alexa Fluor 647 (Invitrogen) were used as secondary antibodies. Anti-MPO MAb (Upstate, Millipore) was used as a capture antibody for MPO-DNA complex enzyme-linked immunosorbent assay (ELISA).
MSU crystal preparation. Monosodium urate (MSU) crystals were prepared as previously described (18) under pyrogen-free conditions. In particular, urate acid sodium salt (Sigma-Aldrich) was dissolved in 1 M NaOH (25 mg/ml) and boiled for 2hat 200°C prior to crystallization. The solution was left to cool at room temperature and filtered through a 0.2-m filter. It was then incubated at room temperature for 7 days. The resulting crystals were washed with ethanol and acetone and allowed to air dry under sterile conditions. PMN isolation, stimulation, and inhibition studies. PMNs were isolated from heparinized venous blood and cultured in 5% CO 2 at 37°C in a total volume of 500 l of RPMI medium (Gibco BRL) in the presence of 2% heterologous healthy donor serum and different stimulatory agents. For in vitro studies, PMNs from control individuals were treated with antibiotics for 3 h. Furthermore, PMNs were treated with other inflammatory stimuli, i.e., MSU crystals (noninfectious) or phorbol 12-myristate 13-acetate (PMA), for determination of LL-37 expression on NETs.
To study autophagy induction, neutrophils were treated with clarithromycin for 90 min and for 3 h. To inhibit the autophagic machinery, neutrophils were pretreated with bafilomycin A1 (30 nM; Sigma-Aldrich) for 30 min before clarithromycin stimulation.
Immunofluorescence. NET generation, preparation, and visualization by immunofluorescence confocal microscopy were performed as previously described (19) . Samples were stained using anti-MPO MAb, anti-LL-37 MAb, or anti-NE polyclonal Ab. A polyclonal rabbit antimouse Alexa Fluor 488 antibody or a polyclonal goat anti-rabbit Alexa Fluor 647 antibody (Invitrogen) was utilized as a secondary antibody. DAPI (Sigma-Aldrich) was used for DNA counterstaining. Visualization was performed in a confocal microscope (Revolution spinning disk confocal system; Andor, Ireland) with PLAPON 606O/TIRFM-SP (numerical aperture [NA], 1.45) and UPLSAPO 100XO (NA, 1.4) objectives (Olympus). The percentage of NET-releasing PMNs was calculated by counting 200 cells in total.
To study autophagy induction, samples were stained with anti-LC3b polyclonal antibody, followed by a polyclonal goat anti-rabbit Alexa Fluor 488 antibody utilized as a secondary antibody. DNA was counterstained using DAPI (Sigma-Aldrich).
NET isolation. A total of 1.5 ϫ 10 6 ex vivo-or in vitro-stimulated neutrophils were cultured for 4 h. After medium removal, cells were washed with RPMI medium. RPMI medium was added to each well, and NETs were collected on supernatant medium after vigorous agitation. The medium was centrifuged at 20 ϫ g for 5 min, and the supernatant phase, containing NETs, was collected and stored at Ϫ20°C until use.
MPO-DNA complex ELISA. To quantify NET release by ex vivo-or in vitro-stimulated PMNs, MPO-DNA complex was measured in NET structures isolated from 1.5 ϫ 10 6 PMNs as previously described (19) or in plasma from patients and control individuals. More specifically, capture antibody, 5 g/ml of anti-MPO MAb (Upstate, Millipore), was used to coat 96-well plates (dilution, 1:500 in 50 l) overnight at 4°C. After three washes (300 l each), 20 l each of samples was added to the wells with 80 l of incubation buffer containing a peroxidase-labeled anti-DNA MAb (Cell Death ELISAPLUS; Roche; dilution, 1:25). The plate was incubated for 2 h with shaking at 300 rpm at room temperature. After three washes (300 l each), 100 l of peroxidase substrate (2,2=-azinobis[3-ethylbenzthiazolinesulfonic acid] [ABTS]) was added. Absorbance at a 405-nm wavelength was measured after 20 min of incubation at room temperature in the dark. NET release was calculated as percent increase compared to that in controls.
Western blot analysis. Western blot analysis for p62/SQSTM1 determination was performed with cells treated with clarithromycin for 3 h, as previously described (20) . Briefly, incubation of polyvinylidene difluoride (PVDF) membranes was carried out at 4°C using an anti-p62 antibody (stock concentration, 200 g/ml; 1/300 dilution). Membranes were probed with horseradish peroxidase (HRP)-conjugated secondary antibody (stock concentration, 400 g/ml; 1/1,000 dilution) for 45 min at room temperature. To verify equal loading, membranes were reprobed for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Moreover, LL37-specific mouse MAb (stock concentration, 200 g/ml; 1/500 dilu- tion) was utilized for the measurement of LL-37 expressed in NETs, using the same protocol. Bacterial strains. A. baumannii strains, including a reference strain (ATCC 19606) and a clinical isolate, were cultured as previously described (21) . Bacteria were preserved in glycerol broth at Ϫ80°C. Bacteria from an overnight culture on MacConkey agar were suspended in saline to an optical density of 0.5 McFarland, corresponding to a concentration of approximately 10 8 CFU/ml. Bacterial strains of A. baumannii were cocultured with NETs isolated as described above (under "NET isolation"), generated by clarithromycin or generic inducers such as MSU or PMA in a 1/10 concentration. For LL-37 inhibition of NETs, NETs were incubated with anti-LL-37 antibody prior to their introduction to bacterial cultures. Mouse monoclonal IgG1 antibody was used as a control to anti-LL-37 and did not affect NET-induced bacterial killing.
Biofilm assay. Biofilm assay was conducted by a microtiter plate method as described previously (22) . Briefly, each microbial strain was grown overnight in Trypticase soy broth (TSB) at 37°C. Next, the overnight growth was diluted in a ratio of 1:40 in TSB. Two hundred microliters of cell suspension was inoculated to sterile 96-well polystyrene microtiter plates in the presence or absence of NETs in a 1/10 concentration, isolated as described above. After 24 h of incubation at 37°C, the wells were gently washed three times with 200 l of phosphate-buffered saline (PBS) and stained with 0.5% crystal violet for 15 min. The wells were rinsed again in 200 l of 95% ethanol to solubilize crystal violet. Each assay was performed in duplicate. Finally, the optical density at 550 nm (OD 550 ) was determined using a microplate reader. OD 550 values for each well were subtracted from those of the blank, which contained only TSB without inocula.
Statistical analysis.
Statistical analyses were performed using one-way analysis of variance (ANOVA) (Scheffé test in uniform n and least significant difference [LSD] test in nonuniform n for post hoc comparisons). All statistical analyses were performed with OriginPro 8. P values less than 0.05 were considered significant.
RESULTS

Macrolide antibiotics induce generation of NETs.
Considering that macrolide antibiotics can act as immunomodulatory agents (1, 2), we sought to investigate whether this effect can be mediated through neutrophils and, more specifically, through the generation of NETs. We initially studied the ability of different antibiotic groups to generate NETs. In vitro stimulation of PMNs from healthy individuals with clinically relevant concentrations of commonly used classes of antibiotics has shown that macrolide antibiotics (azithromycin and clarithromycin) induced NET formation, whereas ampicillin (semisynthetic penicillin), penicillin, daptomycin, and ciprofloxacin did not, as observed by immunofluorescence ( Fig. 1A and B) and MPO-DNA complex ELISA (Fig. 1C) .
We next investigated the ability of clarithromycin to induce NETs in vivo. To assess this, patients suffering from H. pyloripositive gastritis were enrolled as a study group, since clarithromycin is used for standard eradication therapy and these patients do not demonstrate clinical and laboratory evidence of systemic inflammation (23) that could potentially influence in vivo NET formation. Thus, PMNs were isolated before and during the 5th day of standard eradication therapy with clarithromycin, amoxicillin, and omeprazole. The collected PMNs during the 5th day of eradication therapy demonstrated increased ex vivo NET formation compared to that of PMNs before clarithromycin initiation, PMNs from healthy individuals, or PMNs from patients under sequential eradication treatment, which comprises only amoxicillin plus omeprazole for the first 5 days of eradication (details in Table 1 ), as determined by immunofluorescence ( Fig. 2A and B) and MPO-DNA complex ELISA (Fig. 2C) . Patients with H. pylorinegative gastritis that were treated with omeprazole alone did not demonstrate any ex vivo NET generation (Fig. 2 ). These findings demonstrate the ability of macrolides to induce NET formation.
Clarithromycin utilizes autophagy to induce NET generation. Several lines of evidence support the involvement of autophagy in neutrophil functions, including NET release (18, 24, 25) . Thus, we assessed endogenous LC3B cellular distribution and p62/SQSTM1 degradation in PMNs from control subjects treated with clarithromycin. Formation of LC3B puncta and increased p62/SQSTM1 degradation were observed in PMNs treated with clarithromycin compared to controls, as determined by immunofluorescence and immunoblotting, respectively, suggesting the induction of the autophagic machinery ( Fig. 3A and B) .
In addition, PMNs pretreated with bafilomycin A1 prior to stimulation with clarithromycin demonstrated reduced NET generation compared to that of PMNs treated with clarithromycin alone (Fig. 3C) , further verifying the involvement of autophagy in clarithromycin induction of NET formation. These findings demonstrate that clarithromycin induces NET formation in an autophagy-dependent manner. NETs generated by clarithromycin are decorated with LL-37. Considering that LL-37 is a potent antimicrobial peptide (26, 27) and that it is released through NETs under certain inflammatory conditions (28, 29) , we examined the presence of LL-37 on clarithromycin-induced NETs. NETs released by PMNs from control subjects treated with clarithromycin were decorated with LL-37, as determined by immunofluorescence and immunoblotting (Fig. 4) .
We then assessed LL-37 expression on NETs released from PMNs derived from patients treated with clarithromycin. Indeed, PMNs derived from these patients demonstrated the presence of LL-37 on NETs (Fig. 4A) .
Furthermore, to assess whether the presence of LL-37 is a generic finding of NETs, we investigated its presence on NETs using other alternative inducers of NETosis, such as MSU and PMA. LL-37 was absent from NETs induced by MSU (Fig. 4) , as assessed by immunofluorescence and immunoblotting of NET proteins.
FIG 2 Clarithromycin induces NET generation in vivo in patients with H. pylori gastritis. (A) NET generation in ex vivo PMNs from patients with H.
pylori-positive gastritis before and after treatment with clarithromycin, amoxicillin, and omeprazole and from control individuals, as assessed by immunofluorescence (confocal microscopy). Green, MPO; red, NE; blue, DAPI-DNA. Results of one representative out of six independent experiments are shown. Original magnification, ϫ600. Scale bar, 5 m. (B and C) Percentages of NET-releasing PMNs (B) and MPO-DNA complex (in isolated NET structures from ex vivo PMNs (C) isolated from patients with H. pylori-positive gastritis before and after standard eradication treatment with clarithromycin, amoxicillin, and omeprazole (n ϭ 6), patients with sequential eradication (amoxicillin and omeprazole) (n ϭ 4), patients with H. pylori-negative gastritis (omeprazole monotherapy) (n ϭ 5), and control individuals (n ϭ 10). Data are presented as medians Ϯ 90th percentile (*, P Ͻ 0.05; n.s., not significant compared to control value).
Similar to MSU, PMA is not able to induce LL-37-bearing NETs (Fig. 4A) .
These findings suggest that clarithromycin has the ability to induce NETs containing LL-37.
Clarithromycin-dependent LL-37 expression on NETs modulates antimicrobial activity against Acinetobacter baumannii. Since neutrophils during infection produce NETs as a defense mechanism against pathogens (7, 8) , we investigated if clarithromycin-driven NETs conserve this ability. To test the microbicidal activity of clarithromycin-driven NETs, our model was based on A. baumannii, since this microorganism is not able to trigger the mechanism of NET by itself in vitro (11) or ex vivo (see Fig. S1 in the supplemental material) and is also resistant to treatment with clarithromycin (30) . Clinical and ATCC 19606 strains of A. bau- In panels A to C, results for one representative out of four independent experiments are shown. Original magnifications: ϫ1,000 (A) and ϫ600 (C). Scale bar, 5 m. In panel D, data from four independent experiments are presented as means Ϯ SDs (*, P Ͻ 0.05; n.s., not significant).
mannii were cultured in the presence or absence of clarithromycin-induced NETs. NETs were obtained either by in vitro stimulation or ex vivo from H. pylori-positive patients treated with clarithromycin. We observed that NETs induced by clarithromycin both in vitro (Fig. 5A) and ex vivo (Fig. 5B) significantly reduced bacterial growth compared to that in control cultures. This activity was attributed to the presence of LL-37, since LL-37 neutralization with anti-LL-37 antibody abolished the antimicrobial action of clarithromycin-induced NETs (Fig. 5A and B) . To further verify the specific activity of clarithromycin-driven NETs, we used NETs obtained after stimulation from inducers that are not able to generate LL-37-bearing NETs, such as MSU or PMA. These generic NETs, in contrast to clarithromycin-induced NETs, indicated an absence of LL-37 ( Fig. 4A and B) and significantly reduced capacity to inhibit bacterial growth (Fig. 5A) .
We further sought to investigate the effect of clarithromycininduced NETs on the generation of biofilm by A. baumannii. Interestingly, clarithromycin-induced NETs significantly reduced the formation of biofilms in an LL-37-dependent manner, as demonstrated by LL-37 inhibition (Fig. 5C) . However, generic NETs induced by MSU crystals or PMA did not affect biofilm generation by A. baumannii (Fig. 5C) . Treatment of NET structures with DNase attenuated the inhibitory effect on biofilms (Fig. 5C ).
Since the NET scaffold affects the functionality of various NET-bound components (7, 19) , we wanted to test whether LL-37 functionality is affected by NET integrity. DNase treatment of clarithromycin-induced NETs abolished LL-37 antimicrobial function on A. baumannii cultures (Fig. 5D) .
These findings suggest an indirect antimicrobial role of clarithromycin against strains of A. baumannii through NET formation in an LL-37-dependent manner.
DISCUSSION
The present study demonstrates for the first time the in vitro and in vivo ability of macrolide antibiotics to induce NET formation, expanding our understanding of their immunomodulatory role. We show that clarithromycin-induced NETs are decorated by the antimicrobial peptide LL-37, which is in its active form and is able to act against multidrug-resistant A. baumannii in vitro.
Clarithromycin-induced NETs exerted their antimicrobial function against both clinical and ATCC 19606 strains of multidrug-resistant A. baumannii, a pathogen that is not able to trigger the mechanism of NET by itself. However, specific NETs (such as clarithromycin-driven NETs) restrict A. baumannii in cultures. Additionally, clarithromycin-induced NETs were able to inhibit A. baumannii biofilm formation. This is an interesting finding and gives more information on the ongoing debate on the cross talk of biofilms and NETs, since neutrophils constitute indispensable biofilm controllers but can also contribute to biofilm stability (31) . These findings suggest an indirect antimicrobial action of macrolide antibiotics, through the induction of NET generation. As a side note, we also provide evidence that A. baumannii does not induce NET generation in vivo, as observed with ex vivo-isolated PMNs from patients with A. baumannii bacteremia.
Since neutrophils have been shown to express LL-37 under certain inflammatory conditions (28, 29) , we investigated the presence of this antimicrobial peptide on clarithromycin-induced NETs. We demonstrated for the first time that clarithromycin induces both in vitro and ex vivo NETs decorated with LL-37, while other generic inducers of NETs, such as MSU or PMA, were not able to generate amounts of active LL-37-bearing NETs. Recent studies showed that PMA-induced NETs did not express active LL-37. Although traces of LL-37 have been detected mainly by electron microscopy (32), the absence of LL-37 activity is in accordance with our findings. Furthermore, considering the susceptibility of A. baumannii to LL-37 (27), we further demonstrate that LL-37 mediated the microbicidal activity of NETs and attenuated the formation of biofilms by this pathogen. Additionally, digestion of the chromatin scaffold with DNase abolished completely the bactericidal activity of clarithromycin-induced NETs, similarly to anti-LL37 inhibition. This indicates the importance of the NET chromatin scaffold in LL-37 functionality, previously shown also with other NET-bound proteins (7, 19) . Moreover, since autophagy plays an important role in NET generation, we investi- gated whether clarithromycin regulates this active mechanism to generate NETs. Indeed, clarithromycin was involved in the in vitro upregulation of autophagy leading to generation of NETs, as demonstrated by the end-stage autophagy inhibition with bafilomycin A1. These findings suggest that clarithromycin can act additionally as an autophagy inducer in PMNs, thus expanding its role by regulating autophagy, a mechanism necessary for NET formation.
A previous clinical trial has demonstrated that administration of clarithromycin in patients with VAP accelerated the resolution of pneumonia and decreased the risk of death from septic shock, suggesting a potential immunomodulatory effect of clarithromycin on the host (4). It should be noted that most of the patients (54.5%) were suffering from A. baumannii infection. Besides the limitations related to the design of the study, including the short period of clarithromycin administration (only 3 days), these results support our in vitro findings and encourage the investigation of the in vivo synergistic role of macrolide-induced NETs in severe infections, such as those caused by multidrug-resistant species of A. baumannii. Additionally, whether NETs are involved in the adjunctive potential of clarithromycin when administered in combination with other antibiotics is a query that needs to be investigated in future studies.
In conclusion, this is the first report suggesting the formation of LL-37-bearing NETs by clarithromycin as a part of its immunomodulatory role. The role of clarithromycin in inducing NETs is dependent on autophagy, and the LL-37 present in NETs is important for both microbicidal activity and biofilm inhibition. Of note, the functionality of LL-37 is highly dependent on NET chromatin scaffold integrity. Our study supports the use of clarithromycin as a synergic agent in clinical trials with patients with A. baumannii infection in order to determine whether the observed in vitro microbicidal function through NETs is repeated in vivo.
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